Rainfed agriculture in the dry
Introduction
In the rainfed production systems, the importance of water shortage and associated stress cannot be overemphasized, especially in the semi-arid tropical (SAT) regions Passioura and Angus 2010; Rockström et al. 2010; Sahrawat et al. 2010a; Sharma et al. 2010) . However, apart from water shortage, soil infertility is also an issue for crop production and productivity enhancement in much of the SAT regions of the world, and Indian SAT is no exception (El-Swaify et al. 1985; Black 1993; Zougmore et al. 2003; Sahrawat et al. 2007 Sahrawat et al. , 2010b Singh 2008; Bationo et al. 2008; Twomlow, Love, and Walker 2008; Bekunda et al. 2010) .
Apart from the deficiencies of major nutrients, nitrogen (N) and phosphorus (P), the deficiencies of secondary nutrients, especially of sulfur (S) and micronutrients, have been reported with increasing frequencies from the intensified irrigated production systems (Kanwar 1972; Pasricha and Fox 1993; Takkar 1996; Scherer 2001 Scherer , 2009 Fageria, Baligar, and Clark 2002; Singh 2008) . Although in the irrigated systems the deficiencies of various K. L. Sahrawat and S. P. Wani plant nutrients have been diagnosed through soil and plant testing and managed through the fertilization of crops, little attention seems to have been paid to diagnosing the deficiencies of secondary nutrients such as S and micronutrients in dryland rainfed production systems, especially in SAT India Sahrawat et al. 2010b) .
Specifically, little attention has been devoted to surveying and determining the fertility status of farmers' fields to diagnose the nutrient problems in the rainfed production systems, which is a prerequisite for developing an effective nutrient-management strategy for enhancing agricultural productivity in these areas. Lack of adequate analytical laboratory support infrastructure in developing countries coupled with the lack of awareness that the mining of secondary and micronutrients in production systems is not helping the cause of upgrading the rainfed agriculture. The information on the soil fertility status is needed not only to enhance crop productivity through balanced nutrient management but also to promote judicious use of costly external inputs of nutrients and enhance the efficiency of scarce water resources in developing countries such as India (Sahrawat 2006; Wani 2008) .
This apparent paradox of lack of application of adequate amount of nutrients from external inputs (Bationo et al. 2008; Katyal 2003) despite the common knowledge that the soil resource base in the rainfed systems of the SAT regions is relatively fragile and marginal compared to that under the irrigated production systems (El-Swaify et al. 1985; Rego et al. 2003; Sahrawat et al. 2007 Sahrawat et al. , 2010b ) is inexplicable.
In the rainfed systems of India, the management of water shortage has been the primary focus of research and developmental activities in these areas, and soil infertility has largely been ignored (El-Swaify et al. 1985; Wani et al. 2003; Sahrawat et al. 2010a Sahrawat et al. , 2010b or has not been addressed in an integrated manner along with soil and water conservation practices Rockstrôm et al. 2010) .
However, even in water-limiting environments, there is potential to enhance agricultural productivity through efficient management of soil, water, and nutrients in an integrated manner (Wani et al. 2002; Twomlow, Love, and Walker 2008; Wani et al. 2009; Sahrawat 2010b ). To achieve the potential of productivity in water-limited environments, a concept of water-limited potential yield seems very appropriate as this forms the basis to reach the attainable yield in these environments through management of various constraints other than just water shortage (Passioura 2006; Singh et al. 2009 ). For example, in Australia, farmers have adopted the notion of water-limited potential yield as a benchmark for yield and if farmers find that their crops are performing below the benchmark, they look for the reasons and attempt to improve their management accordingly (Passioura and Angus 2010) . We emphasize that in the concept of water-limited potential yield in the rainfed systems, natural resource management in general and soil fertility management in particular need to be paid due attention along with water-stress management in view of the fragile nature of the soil resource base (Sahrawat 2010a (Sahrawat , 2010b Wani et al. 2009 ).
Moreover, it is a commonly held belief that at relatively low yields of crops in the rainfed systems of India, the deficiencies of major nutrients, especially those of N and P, only are important for the SAT Indian soils (El-Swaify et al. 1985; Rego et al. 2003) and consequently little attention has been devoted to diagnose the extent of deficiencies of the secondary nutrients such as S and micronutrients in various crop production systems on millions of small and marginal farmers' fields (Rego et al. 2005 Sahrawat et al. 2007 Sahrawat et al. , 2010b .
It is recognized and duly emphasized that the productivity of the SAT soils is low due to water shortages. Although poor fertility is an issue, in practice the deficiencies of major nutrients (N and P) are considered important and the role of secondary and micronutrients in enhancing water-use efficiency is neglected. Moreover, the input of major nutrients to dryland production systems is meager compared to that in the irrigated systems (Rego et al. 2005; Wani et al. 2009 ). Also, because of the low productivity of the rainfed crops, it is generally assumed that the offtake and mining of micronutrient reserves in soils is much less than in irrigated production systems (Rego et al. 2003) .
For sustained increase in dryland productivity, soil and water conservation measures need to be integrated with plant nutrition and choice of crops and their management (Wani et al. 2003; Passioura 2006; Passioura and Angus 2010; Sahrawat et al. 2010a ). The ongoing farmer participatory integrated watershed management program of the ICRISAT (International Crops Research Institute for the Semi-arid Tropics) provided an appropriate opportunity to implement nutrient-management strategy alongside soil and water conservation practices in farmers' fields in the Indian semi-arid tropics. For achieving efficient and judicious use of nutrients through fertilizer inputs, assessing the soil's inherent nutrient status is a prerequisite (Sahrawat 2006) .
The objectives of this article therefore are to review, analyze, and present recent results on the general fertility status of soils in the rainfed systems with emphasis on the deficiencies of secondary and micronutrients and to confirm the efficacy of the soil-test-based nutrient-management strategy to increase the productivity of a range of crops in farmer participatory on-farm trials in the rainfed systems of the SAT regions. Preference is given to the results generated from the on-farm research in the SAT regions of India. First, the results on the fertility status of SAT soils are addressed, followed by the response of various food crops to balanced nutrient management considering the various nutrient deficiencies under the on-farm conditions. Equally importantly, the role of soil testing in the diagnosis of nutrient deficiencies has been demonstrated and hence emphasized.
Materials and Methods

Diagnosis of Nutrient Deficiencies by Soil Testing
Since 1997, the natural resources management group at the ICRISAT center in India along with its partners has been conducting systematic and detailed studies on the diagnosis and management of nutrient deficiencies in the semi-arid regions of Asia with emphasis on India. It started with detailed analysis of farmers' fields in Milli watershed at Lalatora in Madhya Pradesh, where analysis of soil samples for micronutrients was deliberately included as a part of the baseline characterization of the site.
First a soil sampling methodology was developed and standardized to collect representative soil samples in a watershed. The methodology is based on the stratified random sampling of the watershed considering the soil types including topography, major crops, and farmers' land holding size (for details see Sahrawat et al. 2008b ). For effective soil sampling, farmers' fields were divided into three groups based on the position on the toposequence: top, middle, and bottom, depending on the elevation and drainage pattern. We separated different soil types in each category. For soil sampling, we randomly selected 20% farmers in each position on the toposequence, in proportion to the farm size, types of soils, and crops grown (see Sahrawat et al. 2008b) . The soil sampling program of watersheds in various states was undertaken largely during 2002-2009. Using stratified random sampling methodology (Sahrawat et al. 2008b ), we collected 8 to 10 cores of surface (0-to 15-cm depth) soils to make one composite sample. The soil samples were air dried and powdered with wooden hammer to pass through a 2-mm sieve. For organic carbon (C) analysis, the soil samples were ground to pass through a 0.25-mm sieve. Prepared samples were analyzed for various fertility characteristics in the ICRISAT Central Analytical Services Laboratory.
To characterize the fertility status of soils under dryland agriculture in the SAT regions of India, we collected 28,270 soil samples from farmers' fields in the Indian states of Andhra Pradesh, Karnataka, Rajasthan, and Madhya Pradesh. The number of farmers cultivating arable land varied along with land holding size, crops, and cropping systems.
For soil analysis, pH was measured by a glass electrode using a soil-to-water ratio of 1:2. Organic carbon (C) was determined using the Walkley-Black method (Nelson and Sommers 1996) . Exchangeable (available) potassium (K) was determined using the ammonium acetate method (Helmke and Sparks 1996) . Available S was measured using 0.15% calcium chloride (CaCl 2 ) as an extractant (Tabatabai 1996; Sahrawat et al. 2009 ); available P (Olsen P) was measured using sodium bicarbonate (NaHCO 3 ) as an extractant (Olsen and Sommers 1982) . Available zinc (Zn) was extracted by diethylenetriaminepentaacetic acid (DTPA) reagent (Lindsay and Norvell 1978) and available boron (B) was extracted by hot water (Keren 1996) .
Based on the results of soil samples collected from farmers' fields, recommendations were developed at the block level for balanced nutrient management. For this, critical limits in the soil for various plant nutrients were used (Table 1) to separate deficient soil samples from the nondeficient ones (Sahrawat 2006; Rego et al. 2007; Sahrawat et al. 2007 ) for the follow-up on-farm crop response studies.
On-Farm Crop Responses to Soil-Test-Based Fertilization
During 2002-2009 cropping seasons (June-September), we conducted a large number of trials in farmers' fields in the SAT regions of Andhra Pradesh, Karnataka, Madhya Pradesh, and Rajasthan in India with a range of locally important field crops. Each farmer for a crop was treated as a replication. The details of the on-farm trials along with various treatments and crop-and nutrient-management practices followed were similar to those described in Rego et al. (2007) .
In the on-farm trials, there were two treatments: (i) control or farmers' nutrient inputs (termed FI) and (ii) balanced nutrient-management treatment (BN) consisting of applications of nutrients found deficient based on soil-test results. The BN treatment consisted of applications of S + B + Zn or SBZn along with N and P over the FI treatment [FI + SBZn + N + P]. These two treatments were imposed on 2000-or 1000-m 2 plots side by side on the same piece of land. Farmers' crops, crop variety, and crop-management practices were the same in both the treatments. Before implementation of the treatments in the conduct of field trials, the soil-test results on soil samples collected from farmers' fields were shared and discussed with the participating volunteer farmers in their own languages. As mentioned earlier, each farmer's field was considered one replication.
For applying nutrients as per SBZn treatment, we applied S, B, and Zn via a mixture, which consisted of 200 kg gypsum (30 kg S ha −1 ), 5 kg borax or 2.5 kg Agribore (0.5 kg B ha −1 ) and 50 kg zinc sulfate (10 kg Zn ha −1 ) ha −1 ; the mixture was surface broadcast on the plot before the final land preparation. The SBZn + NP or BN treatment consisted of the same amount of S, B, and Zn as in SBZn plus 60 kg N for cereals or 20 kg N ha −1 for legumes; and P was added at 30 kg P 2 0 5 ha −1 . The treatment SBZn was applied along with P plus 20 kg N ha −1 as basal to all crops and 40 kg N ha −1 was top dressed in the case of cereals. In the case of NP treatment, we applied 20 kg N and 30 kg P 2 0 5 ha −1 to all crops as basal and 40 kg N ha −1 as topdressing for cereals.
Results and Discussion
Organic Carbon and Extractable Nutrient Status of Farmers' Fields
The soil-test results for pH, organic C, and extractable P, K, S, B, and Zn of soil samples collected from farmers' fields in the SAT regions of Indian states of Andhra Pradesh (3650 farmers' fields), Karnataka (22867), Madhya Pradesh (341), and Rajasthan (421) showed that the results varied with district in a state and had a wide range in soil chemical fertility parameters (Table 2) . In these results, soil organic C has been used as an index of available N (Sahrawat et al. 2010b ). These first results on the fertility status of farmers' fields at a large scale showed that the samples were generally low in organic C (we have used soil organic C as a proxy for N-supplying capacity of a soil), low to medium in Olsen-extractable P, medium to high in exchangeable K, and generally low in calcium chloride-extractable S, hot-waterextractable B, and DTPA-extractable Zn ( Table 2) . The results clearly demonstrate that soils are not only low in organic C and Olsen P but also low in secondary nutrients such as S and micronutrients such as B and Zn. The number of farmers' fields sampled from 14 districts of Karnataka State was fairly large and based on the results of these samples; some plausible conclusions can be drawn for the prevalence of plant nutrient problems in the state, which is the second largest state in India with rainfed agriculture after Rajasthan. The mean organic C content in the soil samples was 0.45%, Olsen P was deficient in 47% of the 22,867 farmers' fields sampled, deficiencies were as follows: exchangeable K in 16% of farmers' fields, extractable S in 83% of fields, hot-water-extractable B in 66% of fields, and DTPA-extractable Zn in 61% of fields.
In Andhra Pradesh, B deficiency was most prevalent (in 85% of the 3650 fields sampled), followed by S, which was deficient in 79% of fields, and Zn, which was deficient in 69% of fields). Olsen P was deficient in 38% of the fields and K only in 12% of the fields (Table 2 ). In Madhya Pradesh (341 farmers' fields sampled), B deficiency was most prevalent (79% of fields), followed by S (74%), Olsen P (74%), and Zn (66%). In Rajasthan (421 fields sampled), the deficiency of S was most widespread (71% of fields), followed by B (56%), Olsen P (45%), Zn (40%), and K (15%) (Table2).
Considering the results of analyses of all soil samples from the four states in the SAT region of India, it can be concluded that the deficiency of S (calcium chloride extractable) was most widespread (on an average 82% of the 28,270 farmers' fields sampled were Table 2 Chemical characteristics of soil samples collected from farmers' fields in the SAT regions of India Extractable nutrient elements (mg kg The results of soil analyses of samples from Andhra Pradesh, Rajasthan, and Madhya Pradesh are from Sahrawat et al. (2007) . The data on Karnataka soil samples are from unpublished ICRISAT results. deficient), followed by hot-water-extractable B (68% of the farmers' fields sampled were deficient) and DTPA-extractable Zn (62% of the farmers' fields were deficient); and the finding is revealing. These results are in accord with those reported earlier with a limited number of soil samples (Rego et al. 2005; Sahrawat et al. 2007 Sahrawat et al. , 2010b . Another important finding emerging from the soil-test results is that K deficiency has not emerged as a prominent nutrient deficiency, as on average only 16% of the farmers' fields out of a total of 28,270 farmers' fields sampled were deficient in the rainfed production systems of the SAT regions (Table 2) .
These results are significant in showing the widespread nature of the deficiencies of major nutrients such as N and P, but more importantly those of S, B, and Zn in the rainfed production systems of the SAT in India. The extent of deficiencies of plant nutrients appear as widespread as those reported from the intensified irrigated systems (Pasricha and Fox 1993; Takkar 1996; Scherer 2001; Fageria, Baligar, and Clark 2002; Sahrawat et al. 2010b ). To our knowledge, no relatively large-scale on-farm survey of the nutrient status of farmers' fields in the SAT regions of India has been undertaken and thus no benchmark results are available to compare the extent of the deficiencies of S and micronutrients in farmers' fields. These results do clearly demonstrate that in addition to water stress, multiple-nutrient deficiencies have to be managed to unlock the potential of rainfed production systems. The earlier research on fertility management has mostly concentrated on the major nutrients, and the deficiencies of N and P have been reported to be widespread in the rainfed systems (El-Swaify et al. 1985; Sahrawat, Abekoe, and Diatta 2001; Rego et al. 2003; Bationo et al. 2008) .
Depletion of soil organic matter and major plant nutrients (N, P, and K) remains a major constraint to long-term agricultural sustainability in much of the rainfed agricultural systems in the SAT regions of Asia and sub-Saharan Africa. Negative nutrient balances (nutrient added minus nutrient harvested in crop) relative to mostly major plant nutrients have been reported, as the nutrient removal exceeds input over a long period of time with concomitant decline in soil organic-matter status. Organic-matter depletion problem is particularly acute in the rainfed systems where the external inputs of organic matter and nutrients are far lower than the loss or removal (Katyal 2003; Rego et al. 2003; Bationo et al. 2008; Bekunda, Sanginga, and Woomer 2010) .
Soil-Test-Based Nutrient Management: Effects on Crop Productivity and Quality
As mentioned in the introduction, soil-fertility-management research in the rainfed areas has focused mainly on the management of major nutrients (N, P, and K) and even the amounts of these nutrients are generally inadequate Bationo et al. 2008; Sahrawat et al. 2010b ). Water stress from erratic and low rainfall is the major bottleneck for farmers to apply adequate amounts of nutrients in the rainfed systems. However, recent work by ICRISAT and its partners and other researchers has shown that for realizing the potential of rainfed systems, both water stress and nutrient deficiencies need to be attended simultaneously (Wani et al. 2003; Ncube et al. 2007; Bationo et al. 2008; Sahrawat et al. 2010a) . Rego et al. (2007) conducted a number of on-farm trials under rainfed conditions for 3 years (2002) (2003) (2004) during the rainy season (June-October) in three districts of Andhra Pradesh in the SAT region of India to evaluate crop responses to balanced nutrient management based on soil-test results using mung bean, maize, groundnut, castor, and pigeonpea. There were two treatments, (i) control or farmer's nutrient input (FI) and (ii) balanced nutrient (BN) management, which consisted of the applications of SBZn + NP over FI or Source: The results on maize, castor, mung bean, and groundnut crops are from Rego et al. (2007) , and the data on pigeonpea crop are from ICRISAT unpublished results.
a The values in parentheses are the number of farmers' fields used for on-farm trials.
FI + SBZn + NP. The grain yields of maize, castor, mung bean, groundnut (pod yield), and pigeonpea crops were significantly increased under BN with the applications of SBZn + NP over the FI treatment in the three seasons (Table 3) . A large number of on-farm trials were also conducted in the semi-arid zone of Karnataka state during five rainy seasons (2005) (2006) (2007) (2008) (2009) ) with maize, finger millet, groundnut, and soybean as the test crops. Again, as in the case of trials in Andhra Pradesh, BN treatment significantly increased the grain yields of these crops over the farmer's inputs treatment (Table 4 ). In another set of trials, conducted during 2005-2007 in the semi-arid zone of Karnataka, BN significantly increased maize grain yield and dry matter over the farmer's inputs treatment and significantly improved the harvest index of the crop during all the three seasons (Rajashekhara .
The results of on-farm trials conducted in the SAT zone of Madhya Pradesh with soybean in the 2008 and 2009 rainy season and chickpea in the 2008-2009 post-rainy seasons confirmed the superiority of the BN treatment over the FI treatment and significantly increased soybean and chickpea grain yields (Table 5) . Similar results were obtained in the on-farm trials conducted during the 2008 rainy season in the semi-arid zone of Rajasthan, India, with pearl millet and maize as the test crops, and the grain yields of these crops were significantly increased in the BN treatment as compared to FI (Table 6) .
On-farm trials were conducted during the 2006-2007 seasons with a number of vegetable crops in watersheds in three districts (Dharwad, Haveri, and Chitradurga) of Karnataka to study their responses to BN management as compared to FI treatment. The results showed an impressive yield response to BN management as compared to FI treatment, and the growth of vegetables under BN management was economically viable and remunerative (Srinivasarao et al. 2010) .
Balanced plant nutrition is not only important for increasing crop productivity but also critical for enhancing crop quality, including grain and stover/straw quality, which has implications for human (grain as food) and animal (straw used as fodder or feed) nutrition. There is a relationship between soil health and food and feed quality, which in turn impacts human and animal health. The importance of mineral nutrition of crops along with improved cultivars of crops and crop management cannot be overemphasized for producing nutritious food (Graham et al. 2007; Parthasarathy Rao et al. 2006; Sahrawat et al. 2008a) and fodder (Kelly et al. 1996; Sahrawat et al. 2008a; Rattan et al. 2009 ). For example, in the on-farm experiments conducted to determine the effects of S, B, and Zn fertilization on the grain and straw quality of sorghum and maize grown under rainfed conditions in the SAT region of India showed that the BN, through combined application of S, B, Zn, N, and P, as compared to the FI increased N, S, and Zn concentrations in the grain and straw of these crops (Sahrawat et al. 2008a) . These results stress the importance of balanced mineral nutrition of crops for increased produce quality. For example, the S fertilization of oilseed crops such as soybean, canola, and sunflower not only is required for increasing dry matter and seed yield but also essential for enhancing oil concentration and quality (Saha et al. 2001; Usha Rani et al. 2009; Brennan et al. 2010) .
From this discussion on the results obtained in on-farm trials, it is evident that in the SAT region multiple nutrient deficiencies, especially of N, P, S, B, and Zn, are holding back the potential of rainfed systems and are also responsible for low rainwater-use efficiency in rainfed areas in the SAT regions (Singh et al. 2009 ). Also, soil fertility depletion has been recognized as the major biophysical cause of declining food availability in smallholder farms in sub-Saharan Africa. It was suggested that any program aimed at reversing the trend in declining agricultural productivity and food quality and preserving the environmental quality must begin with soil fertility restoration and maintenance. The decline in productivity is related to decline in soil fertility, which in turn is directly related to decline in soil organic-matter status and depletion of the plant nutrient reserves in various production systems with little or no investment in recuperating soil fertility in agroecosystems (Sanchez et al. 1997; Bationo et al. 2008; Lal 2008; Bekunda, Sanginga, and Woomer 2010) .
Soil fertility maintenance is not only a prerequisite for sustainable increase in crop productivity but is equally essential for maintaining crop quality in terms of food, fodder, and feed quality (Kelly et al. 1996; Sahrawat et al. 2008a) , especially iron (Fe) and Zn in the grain (Graham et al. 2007; Sahrawat et al. 2008a; Rattan et al. 2009 ). The results from onfarm studies also show that the productivity of the rainfed systems can be enhanced through management of various nutrient deficiencies. It is demonstrated from the results of a large number of on-farm trials conducted in different parts of India that with soil-test-based BN management productivity in rainfed areas can be increased by harnessing the potential of rainfed agriculture. Unless the constraints on soil fertility management are alleviated, it would not be possible to achieve the potential productivity of the rainfed systems. Because the area under rainfed production is very large, even a modest sustainable increase in yield would contribute significantly to the global food pool, apart from providing income to the rural poor.
For practical utilization of the soil-test-based nutrient management, we have used the GIS-based extrapolation methodology to map the deficiencies of nutrients, especially S, B, and Zn, in various districts in Karnataka State, India (ICRISAT, unpublished results). The soil-test-based fertilizer application has been put online so that the recommendations can be downloaded and made available to farmers using color codes depicting the deficiency or sufficiency of a nutrient. Such information can be easily used by smallhold farmers. Typical examples of nutrient mapping for extractable (available) S, B, and Zn, using data from selected districts of Karnataka, are shown in Figure 1 . Such maps can be extended and used by farmers in a cluster of villages to plan the application of deficient nutrients to production systems.
Discussion and Conclusions
It is recognized that water-related plant stress is the primary constraint to crop production and productivity in the rainfed systems in the SAT, and consequently the importance of water shortage has globally been rightly emphasized (Wani et al. 2002 (Wani et al. , 2003 CAWMA 2007; Pathak et al. 2009 ). However, apart from water shortage, there is the issue of severe soil infertility problems in the rainfed systems Sahrawat et al. 2010b; Bekunda, Sanginga, and Woomer 2010) and managing water stress alone cannot sustainably enhance the productivity of rainfed systems. Hence for achieving sustainable gains in rainfed productivity both water shortage and soil fertility problems need to be simultaneously addressed through effective natural resource management Sahrawat et al. 2010a) .
For the first time, a large number of farmers' fields in the SAT regions of India were sampled and analyzed for organic C and extractable or available nutrients in an effort to diagnose the prevalence of major and micronutrient deficiencies. The results on the analyses of 28,270 soil samples from the farmers' fields (Table 2) demonstrate that the soils in rainfed areas are indeed infertile and not only deficient in major nutrients, especially N (soil organic C status used as an index for available N) and P, but also low in organicmatter reserve. The most revealing results, however, were the widespread nature of the deficiencies of S, B, and Zn Sahrawat et al. 2007 Sahrawat et al. , 2010b .
A summary of results of on-farm responses of several field crops to applications of deficient nutrients together with N and P demonstrated that BN management has potential to significantly enhance the productivity of a range of crops and improve grain and straw quality in the SAT regions under rainfed conditions. It would appear from these results that soil-test-based nutrient-management approach may be an important entry point activity and also a mechanism to diagnose and manage soil fertility in practical agriculture (Wani 2008) . Soil and plant tests have long been used as tools to diagnose and manage soil fertility problems in the intensified irrigated systems and commercial crops including fruit and vegetable crops to maximize productivity (Dahnke and Olson 1990; Mills and Jones 1996; Black 1993; Reuter and Robinson 1997) . However, soil testing has not been used to diagnose and manage nutrient problems in farmers' fields in the SAT regions at a scale reported in this article. The critical limits for P, K, S, B, and Zn in the soil (Table 1) seem to provide a fair basis for separating deficient soils from those that are not deficient. Soils below the critical limits of the nutrients evaluated responded to the applications of nutrients; although the overall crop response was regulated by the rainfall received during the cropping season Sahrawat et al. 2007 Sahrawat et al. , 2010b . Soiltest-based nutrient application also allows judicious and efficient use of nutrient inputs at the local and regional levels (Black 1993; Sahrawat et al. 2010b ). For more widespread adoption and use of soil testing for the diagnosis and management of plant nutrient deficiencies in the rainfed systems of the SAT regions, there is need to strengthen the soil-testing facilities at the local and regional levels for science-based management and maintenance of soil fertility, a prerequisite for sustainable increase in productivity of the rainfed systems 2010b) . We do hope that the research reported here would stimulate research for widespread use of soil testing as a means for soil-fertility management in farmers' fields.
For enhancing the overall agricultural productivity and crop quality of the rainfed systems, the choice of crops and adapted cultivars along with soil-, water-, and nutrientmanagement practices need to be integrated at the farm level Sahrawat et al. 2010b ). To achieve this, research and extension support and increased capacity of all the stake holders need to converge (Sahrawat et al. 2010b; Wani 2008) . Indeed, ICRISAT and its research partners most appropriately advocate the integration of genetics (crops and its cultivars, social aspects) and natural-resource management for technology targeting and greater impact of agricultural research in the SAT ). The strategy is based on the use of crop cultivars that are adapted to the harsh conditions of the SAT regions, especially water stress and nutrient deficiencies. The soil-, water-, and nutrientmanagement practices are developed around the adapted cultivars to realize the potential of the cultivars in diverse production systems (Ae et al. 1990; Condon et al. 2004; Hiradate et al. 2007; Passioura 2006; Bationo et al. 2008; Sahrawat 2009; Passioura and Angus 2010) .
